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Abstract

The rapid evolution of technology in recent years has catalyzed many areas of human activity.

The computer has become an integral part of everyday life and an important tool in civil engi-
neering, thus allowing the engineers to give quickly and accurately solutions in plethora of
complicated problems. In the present manuscript the modeling and topological optimization of
arched stone structures consisting of individual parts using FEM was carried out. The imposed
loading conditions consist of both gravity and seismic type actions. Topological optimization
becomes an original process for the profession of civil engineering. The focus of the study is to
propose a new methodology of designing structures verifying the optimal angle of the interfaces
among the different stone parts of the arch. Through the process of this optimization the reduc-
tion the demanded material, leading to the reduction of the total weight of the arched structure
is also investigated. Through the proposed methodology the most techno-economical and most
durable solution is prevailed. The optimized design resulted in over 50 percent decrease of the
existing mass of the arched structure. Finally, the manuscript discusses the feasibility of con-
structing these optimized structures utilizing AM technology.
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1 INTRODUCTION

The concept of topological optimization and 3D printing of structures is something new to
the construction industry. Romain de Laubier et.al believe that 3D printing technology is di-
rectly linked to the development of the construction industry and that one day structures will be
printed out mechanically without human intervention [1]. There are already several approaches
to the method of printing structures made of concrete, clay or even mortars with the equivalent
mechanical properties of stone. These methods are described by C. Gosselin et.al. and R. Dubal-
let et.al. who comprehensively outline the process of printing 3D concrete structures [2, 3].
Nathalie Labonnote et.al. make an extensive account of 3D printing for civil engineering pro-
jects and give examples of projects that have already been printed, such as in the Netherlands,
China, etc. [4]. However, 3D printing is not limited to buildings - similar efforts have also been
made regarding bridges. For example, Theo A. M. Salet et.al. constructed a fully functional
bicycle bridge [5] while Gieljan Vantyghem et.al. modelled and laboratory-tested a topologi-
cally optimised simply supported beam [6].

3D printing is a very valuable process for the construction industry of 3D geometries. S.Lim
et. al. Demonstrate methods for the printing of large composite concrete structures [7]. It is
based on the principle of sequential addition of material in order to achieve the final defined
geometry. The first references to it were made around the 1980s. n recent years, however, it has
become better known due to the rapid growth of the use of the computer in the design of these
geometries. As mentioned by G.Allaire et.al. [8] there are two main stereolithography tech-
niques, also known as 3D printing:

o (Material extraction methods) Methods based on the depositing of material from a hole
over the previous material which is bound with it while being deposited. The majority of
applications are printed using this method. Examples describing the methodology but

mainly the composition of cement mortars are by W.R. Leal da Silva et.al. [9] and Freek
Bos et.al. [10].

e (Powder bed fusion) Methods are based on spraying powder at the beginning and then
fusing it using a laser or an electrode. Dirk Lowke et.al. demonstrate that this technique
opens new horizons in terms of both mechanical strength and architectural design of the
structure [11].

With the help of 3D printing any geometry can be printed which allows the civil engineer to
optimize the geometries in his/her constructions according to their form. Jikai Liu et.al. in their
article analyzes the prospects of topological optimization for 3D printing [ 12]. Matthijs Lange-
laar, in addition to creating an optimization method, demonstrates how complex geometries can
be built with 3D printing [13]. James J.Kingman et.al. present several topologically optimized
structures [ 14]. In summary, in the last few years many successful works printed by 3D printing
have been presented such as the article by Kurt Maute et.al. [15]. Topological optimizationis a
method used to find the optimal geometry of a given cross section. This depends on the loads
from the dimensions as well as the load conditions. Oded Amir and Emad Shakour in their
article perform optimization on a pre-stressed concrete beam [16]. Topological optimization is
done by several methods which will not be described here. Briefly, there are direct methods,
divided into direct and stochastic methods, and indirect methods. Ole Sigmund and Kurt Maute
in their article [17] as well as Xia Liu et.al. [18] present in more detail many of the methods
and algorithms of optimization. The extension of topological optimization is the schematic op-
timization where it works complementary to the first one by moving the walls of the geometry
to be as optimal as possible.
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The construction industry has a major environmental impact, thus creating a demand for
sustainable alternatives. In particular, as cited by Agusti-Juan and Habert, the construction in-
dustry is responsible for 40% of global energy consumption, 12% of global drinking water
disposal, 28% of global greenhouse gas (GHG) emissions and 40% of solid waste production
in developed countries [19,20,21]. 3D printing technology is gaining ground in the competitive
construction industry, on the path to a sustainable future, thanks to the advantages it offers over
traditional manufacturing methods. Topological and schematic optimization are tools in the
hands of the Civil engineers in order to find the optimal cross-section and eliminate excess
material from it [21]. It can be perceived that by optimizing the construction, material reduc-
tions of up to 50 percent can be achieved [22, 23]. With the 3D printing technologies and more
specifically with the method of topological optimization, the cost and time of construction is
minimized due to the reduced materials required, the requirement of less manual labour and at
the same time a safer working environment is achieved. In addition to the smaller amount of
materials used compared to traditional construction, thus reducing construction waste and the
amount of dust, 3D printing technology offers the possibility of using recycled and more eco-
logical construction materials [24, 25, 1]. According to Weng et al. who presented a compara-
tive study of prefabricated bathrooms using 3D printed concrete technology versus the
conventional concrete construction method, the results indicated a 25.4% reduction in cost, 85.9%
reduction in CO2 carbon dioxide emissions and 87% less energy consumption, resulting in a
26% reduction in weight and 48% increase in productivity [26, 24]. 3D printing of structures is
an efficient and cost-effective method with a reduced environmental impact while offering lim-
itless architectural possibilities with the creation of complex geometries and is thus a corner-
stone in the development of sustainable construction [25, 27, 20].

However, the 3D printing process has some disadvantages in regard to printing, for example
methods based on material deposit cannot easily print structures with large openings according
to G.Allaire et.al. [8], as well as high-body structures due to issues with out of plane buckling.
R.J.M. Wolfs et.al. created a reliable numerical simulation that can accurately forecast off-plane
buckling for freshly printed concrete [28]. In order to print these geometries, special supports
are needed during the printing process. While powder printing methods due to the high temper-
atures generated during powder bonding create residual stresses, G.Allaire et.al. [8].

To overcome the problems of 3D printing mentioned above for civil engineering structures
in this article a method is proposed. This originates from the long past of the 1st century BC
where it evolved and was largely applied in the Middle Ages. Arched structures have been
balanced for thousands of years using simple laws of engineering. The structural stability of
arched structures is based on friction and its own dead weight. The static properties as well as
the evolution of these structures have been addressed by several people. For example, Albert
Samper et.al [29], Santiago Huerta [30], Po-Hung Liu and Chin-Wei1 Chen, [31]. Some of these
structures are in operation even today. Articles detailing and analysing the strength of such
bridges are by Paul J. Fanning and Thomas E. Boothby [32] and Tamas Forgacs et.al. [33]. In
accordance with this, the structures will be fragmented into smaller sections which will be
joined together in the same way as arched structures. This is the subject of a paper by Mario
Deuss et.al. [34]. These components will be optimised to reduce their weight, then printed and
ultimately assembled.

2 MATERIALS AND METHODS

2.1 Equilibrium mechanism of self-support structures

Self-supporting structures are a complex assembly of smaller parts. The structural integrity
of these parts is affected from the compressive forces between these individual pieces. The area
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of interface between these pieces that has compressive stresses named active area. To achieve
the compressive behaviour over most of the tangential plane the methodology of stereotomy
and inverse chain is followed. Stereotomy is a process in which randomised blocks are dissected
and given a suitable geometry to become part of the curved arc. These pieces are called vous-
soirs. The first to apply this methodology was Philibert Delorme in his work "Premier Tome
de I'Architecture".

In Greece, the craftsmen of Epirus who built great arched structures studied completely
through empirical observation. The same way was used in the rest of the world where in the
17th century the method of inverted chain with weights was developed. This discovery was
made by Hooke in 1675. That is, he suggested that an arched structure balances like an inverted
chain loaded with weights. In this simple way, the geometry and statics of an arched structure
were being analysed. More specifically, a chain hanging with the corresponding weights of the
vaulted structures has in its entirety only tensile stresses; the shape it takes does not depict the
vector of tensile force at each of its points. Likewise, if this chain remains on this curve and is
inverted, an arched structure is created where the vector of compressive stresses is plotted. This
curve is called the thrust line. The numerical substance of the above was studied in 1870 by
James Clerk Maxwell. He first proposed in a mathematical manner the calculation of the forces
between the voussoirs in a vectorial manner. Resulting in the creation of a dynamo-polygon
and the construction of the pressure line. These diagrams verified the chain theory and made it
possible to apply it to more complex structures.

In this way, the optimal geometry that the arched structure should possess is created. The
interfaces between the voussoirs are then cut perpendicular to the piezometric line to achieve
the largest surface area to be in compression to develop the maximum possible friction but also
to transfer stresses uniformly with the smallest stress concentrations.

Friction and cohesion between the stone and mortar plays an important role in the static
capacity of arched structures. Usually, in order to create an initial shear strength -cohesion- a
range of mortars are used during assembly. The static strength of the construction is mainly
determined by whether the different pieces slide together. There are however more factors as
for example, failure of bridge’s foundation where they are not considered in this article. The
destruction of the bridge because of the abutments movement is a study of G.A. Drosopoulos
et.al. [35]

Consequently, the main equation that defines the static sufficiency of an arch structure is
Coulumb’s law:

Tcr =c0+pux*v

whereas:

Ter :Critical shear stress value

Co: cohesion

w: Coefficient of drag

v : Compression stress of contact

2.2 Finite elements analysis

The static adequacy of the structures of this study is confirmed with the finite elements
method. The method of analyzing a continuous medium with the finite element method is sim-
ilar to that of matrix analysis. Namely the simulation of the construction with individual ingre-
dients which connect to each other through a finite number of nodes. Due to that there are no
physical separations in a continuous structure these are added artificially. Thus, the construction
is artificially separated in elements that are connected along their sides and are usually four
sided with nodes along their facets called finite elements. These finite elements occupy the
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entire construction we want to simulate. The sum of all the finite elements constitutes a grid
which can be analyzed just as in matrix analysis. For example, in a static analysis based on
bordering conditions and applied loads on the construction respective matrices are created based
on the equilibrium equations allowing the calculation of the displacement of the finite in amount
nodes and sequentially all other stresses and figures.

At a programming level the procedure that is followed by the researcher in order to study a
construction in order is as follows:

e The geometry of the construction is designed in a CAD program and a three-dimensional
model is created.

e The model is divided into finite elements i.e., the mesh is created, and the resolution type
is selected and any remaining data that is required is added. For instance, if it is selected
for the model to be solved with statical stressing the data concerning the loads and the
boundary conditions must be given. This procedure is done with software called pre-pro-
CEsSOrs.

e When the parameters are ready for the resolution, they are entered in a program which will
find the solution to the problem with numerical solutions as described previously. These
types of programs are called solvers.

When the solution is finalized, the results must be used in a program called a post processor in
order for the engineer to see the results of the analysis.

2.3  Static and seismic loading of the models — support method

It was first verified if the models failed with their own weight. To do this, based on the
density, a gravity load was applied which represents the gravity force that applied on the indi-
vidual pieces of the construction. The model was supported on the foundations with embedding
conditions.

After a seismic type of loading was applied on the models. In any structure seismic activity
plays a vital role in its static adequacy. A seismic activity or earthquake is a noticeable shake
of the earth’s surface caused by sudden movement of masses which are connected by seismic
waves that transfer the energy of the activity. An earthquake on our planet is usually caused by
sudden release of energy stored in the earth’s crust. We perceive them on the surface as a part
of the energy is transferred there through seismic waves. These waves are transmitted to the
crust through oscillations of the sedimentary layers and upon reaching the surface cause the
shaking of the ground that we perceive. The seismic waves also cause through their oscillations
differential electrical potential in the layers of the crust as they travel through them. In the case
of civil engineering the seismic response of structures is usually calculated with the use of
pseudo-static methods. These methods are known thusly due to the fact that the analysis of the
structures is done by adding one more force. According to Eurocode 8 for importance class II,
Ground type A (Rock), damping ratio 5 per cent and for seismic hazard zone Il (Epirus), from
the equation:

Sd(T) =ag*S*N=2.5
,the maximum spectral acceleration of the spectrum is 0,6g.

The seismic force for load case:

G+yY=*Q
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where G is the permanent loads and Q the temporary loads (there are no temporary loads in the
construction models), occurs from the equation:

Fb=Sd*M %A

where Sd the spectral acceleration M the mass of the structure and A a reduction factor equal
to one for safety reasons. For all three models the seismic analysis is done in two directions
inside and outside the plane of the construction. Critical in this instance is the one outside this
plane.

2.4 Topology optimization

With the term optimization we mean the improvement of an object as to a specific property.
In the exact same way when we refer to topology optimization, we mean the improvement of a
part of a construction in terms of some properties for example the reduction of volume or dis-
tortions of a construction. With this exceptional instrument it is now possible to conserve ma-
terials with great precision and at the same time improve the distribution of stresses within the
structure.

The greatest benefit of optimizing in the field of civil engineering is the reduction of the
volume of the construction and therefore the used material. As the mass of the structure de-
creases, the seismic forces acting on it also decrease. Therefore, the cost of the structure is also
reduced since there are less seismic forces and less material is used, which costs less. The meth-
odology of topological optimization includes:

e The designer establishes the initial dimensions, i.e., the volume before the optimization
process is applied.

o It is then advisable to verify the structure for its staticity before optimization is performed.
The forces and boundary conditions for which the geometry will be optimised are defined.

e The areas which the volume and form of the structure must not change are defined.
e The optimization criteria are defined.
¢ Finally, the construction is optimized.

The methodology outlined above underpins most topological optimization algorithms. These
algorithms are mainly divided by the way they work to determine the optimal configuration of
the structure. There are two main categories: the direct, divided into causative and stochastic,
as well as the indirect.

When a construction undergoes topology optimization or any other form of optimization that
1s done with some set criteria. In this case of the three models, it was mainly done based on the
reduction of volume of the constructions. An important limitation was not to alter the external
surface so as not to alter the form given by the architect. In all three cases the volume was
removed from the inside out and we have quite a reduction of it. It is important to mention that
all three constructions will be printed by a three-dimensional printer with a material of similar
properties to that of stone, so we are unaffected from the geometry of the shape for there to be
difficulties in the construction. Another less important criteria was that of the reduction of the
stress solid.
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2.5 Materials Finite elements analysis

In this manuscript, as already mentioned, it is focused on the relative movements between

the domes and not on the material of them, so an elastic material was used. The properties of
this are shown in the following table.

Stone Young's . . .
. Poisson's Friction
Density modulus . .
(ton/mm’) (MPa) ratio Coefficient
2.7E-9 50000 0.15 0.6

Table 1: materials of the models

The dimensions of the models that are analyzed and optimized are summarized in the fol-
lowing table.

First Second Third
model model model
(mm) (mm) (mm)
Height 1100 2550 2330
Width 2400 1800 3280
Thick-
ness 300 400 450

Table 2: dimensions of the models

The models are presented below. The first model which is analyzed is a bridge consisting of
three individual pieces and relatively simple geometry. The second construction consists of
thirteen individual pieces it is an architecturally irregular construction with different geometry
and a lack of symmetry. The third and final construction is an architectural arch which is made
up of thirteen individual pieces and is curved and so is geometrically more complex.

N,

Figure 1: Proportions of the first constructions (in mm)
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e

Figure 2: Dimensions of the second construction in ~ Figure 3: Dimensions of the third construction in mil-
millimeters. limeters.

3 RESULTS

In this chapter, the results of model analyses are presented from the one that has the simplest
geometry to the most complex. The stresses exerted on the individual pieces as well as the
maximum displacement is presented. In the first model in the case of self-weight loading there
is no form of failure, and the behavior of the construction is as expected. The stresses are in
MPa and the displacement in mm.

+1.586e-03
+3.180e-04
-9.497e-04
-2.217e-03
-3.485e-03
-4.753e-03
-6.020e-03
-7.288e-03
-8.556e-03
-9.823e-03
-1.109e-02
-1.236e-02
-1.363e-02

Figure 4: Stresses (MPa)

+2.603e-07
-2.070e-06
-4.401e-06
-6.732e-06
-9.063e-06
-1.139e-05
-1.372e-05
-1.605e-05
-1.839e-05
-2.072e-05
-2.305e-05
-2.538e-05
-2.771e-05

Figure 5: Displacements (mm)
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In in-plane seismic loading, large stress concentrations are created between the individual
pieces is observed that can lead to the failure of the construction. The results of stress and strain
when the seismic activity is within the plane of the construction is depicted below. Stress in
MPa and displacement in mm.

+1.601e-03
+3.082e-04
-9.842e-04
-2.277e-03
-3.56%9-03
-4.861e-03
-5,154e-03
-F.446e-03
-8.738e-03
-1.003e-02
-1.132e-02
-1.262e-02
-1.391e-02

Figure 6: Stresses (MPa)

+3.670e-07
-1.972e-06
-4.312e-06
-6.651e-006
-8.991e-006
-1.133e-05
-1.367e-05
-1.601e-05
-1.835e-05
-2.069e-05
-2.303e-05
-2.537e-05
-2.771e-05

Figure 7: Displacements (mm)

In out-of-plane seismic loading the same behavior is observed. In general, the first structure
withstands the seismic loading.

+1.770e-02
+1.398e-02
+1.027e-02
+6.560e-03
+2.848e-03
-8.644e-04
-4.577e-03
-8.289e-03
-1.200e-02
-1.571e-02
-1.943e-02
-2.314e-02
-2.685e-02

Figure 8: Stresses (MPa)
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+2.610e-05
+1.785e-05
+9.599e-06
+1.348e-06
-6.902e-06
-1.515e-05
-2.340e-05
-3.165e-05
-3.991e-05
-4.816e-05
-5.641e-05
-6.466e-05
-7.291e-05

4

Figure 9: Displacements (mm)

In the second model connecting mortar was used between the individual pieces since without
it there was a large amount of slip. It is observed that the more pieces a construction has the
stresses between them are better distributed. This is depicted in the next images, where there is
compression stresses between the members of the model. Also, there are a small sheer stresses
that do not exceed the mortars limit. The results are shown in the figures below. Stresses are in
MPa and displacement in mm.

+3.430e-03 +2.770e-05
+2.331e-03 +1.840e-05
+1.231e-03 +9.108e-06
+1.322e-04 -1.854e-07
-9.670e-04 -9.479%e-06
-2.066e-03 -1.877e-05
-3.165e-03 -2.807e-05
-4.265e-03 -3.736e-05
-5.364e-03 -4.665e-05
-6.463e-03 -5.595e-05
-7.562e-03 -6.524e-05
-8.661e-03 -7.454e-05
-9.761e-03 -8.383e-05
Figure 10: Stresses (MPa) Figure 11: Displacements (mm)

In in-plane seismic loading, we observe that for the second model a collapse does not occur.
It is remarkable that due to the smaller interface between the individual pieces they have more
slip compared to the rest leading to the creation of a sensitive area of the construction as seen
in the figures below. The stresses are in MPa and the displacements in mm.
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The results for out of plane seismic loading represented below. The static adequacy is con-

firmed.

+4.952e-03
+3.388e-03
+1.823e-03
+2.591e-04
-1.305e-03
-2.870e-03
-4.434e-03
-5.998e-03
-7.563e-03
-9.127e-03
-1.069e-02
-1.226e-02
-1.382e-02

Figure 12: Stresses (MPa)

+1.645e-02
+1.259%e-02
+8.723e-03
+4.861e-03
+9.979%-04
-2.865e-03
-6.728e-03
-1.059e-02
-1.445e-02
-1.832e-02
-2.218e-02
-2.604e-02
-2.990e-02

Figure 14: Stresses (MPa)
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+2.568e-06
-1.342e-06
-5.253e-06
-9.163e-06
-1.307e-05
-1.698e-05
-2.089%e-05
-2.480e-05
-2.871e-05
-3.262e-05
-3.653e-05
-4.044e-05
-4.436e-05

Figure 13: Displacements (mm)

+3.421e-05
+2.294e-05
+1.166e-05
+3.928e-07
-1.088e-05
-2.215e-05
-3.342e-05
-4.469e-05
-5.597e-05
-6.724e-05
-7.851e-05
-8.978e-05
-1.011e-04

Figure 15: Displacements (mm)
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As in the first case the behaviour of the third model is normal with very small slip and below
the stresses and deformations of the constructions are shown. Stresses in MPa and displace-
ments in mm.

=

. .

&
O

+3.500e-01 +0.000e+00
+1.792e-01 -7.712e-03
+8.333e-03 -1.542e-02
-1.625e-01 -2.314e-02
-3.333e-01 -3.085e-02
-5.042e-01 -3.856e-02
-6.750e-01 -4.627e-02
-8.458e-01 -5.398e-02
-1.017e+00 -g,égge-gg
-1. -+ -6. e-
‘13%8a100 37126.02
-1.529e+00 -8.483e-02
-1.700e+00 -9.254e-02
Figure 16: Stresses (MPa) Figure 17: Displacements (mm)

The third construction does not fail when the seismic activity is transferred in the direction
of the inside plane

+5.545e-01 +1.738e-01
+3.669e-01 +1.337e-01
+1.794e-01 +9.354e-02
-?%%g-gg +5.339-02
-1 3 +1.325e-02
-3.832e-01 -2.690e-02
-5.707e-01 -6.704e-02
-7.582e-01 -1.072e-01
-9.457e-01 -1.473e-01
-1.133e+00 -1.875e-01
-1.321e+00 -2.276e-01
-1.508e+00 -2'678e-01

1.696e+00 -3.079%e-01

Figure 18: Stresses (MPa) Figure 19: Displacements (mm)
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However a large amount of slip is observed when the actionis applied on the outside plane.
The model appears to fail in the outside plane seismic action so the acceleration is reduced from
0,6g to 0,1g. Presented below the stress and deformation. The stress in MPa and the displace-
ment in mm.

+3.424e+00 +2.356e+00
+2.712e+00 +1.9656+00
+2.001e+00 +1.573e+00
+1.289%+00 +1.182e+00
+5.767e-01 +7.909e-01
-1.353e-01 +3.997e-01
-8.472e-01 +8.384e-03
-1.559e+00 -3.82%e-01
-2.271e+00 -7.742e-01
-2.983e+00 -1.165e+00
-3.695e+00 -%.gg;&gg
-4.407e+00 -1.948e+
-5.119e+00 -2.339%+00
Figure 20: Stresses (MPa) Figure 21: Displacements (mm)

3.1 Topology

The criteria set for the first construction was the reduction of its volume by 25 percent while
the stresses remain between 1 to -40MPa. In the end a reduction of the magnitude of 27.25%
was achieved while the stress was 0.05SMPa. In the following figures the stresses, the defor-
mation as well as the area of the material removed of the optimized construction is shown. The
stress in MPa and the displacements in millimeters.

Figure 22: Model after optimization

727



Alexandros G. Chortis, Lazaros N. Melidis, Konstantinos V. Katakalos, and Amaryllis G. Iliadi-Manou

+3.729e-03
+2.071e-03
+4.132e-04
-1.245e-03
-2.903e-03
-4.561e-03
-6.219e-03
-7.877e-03
-9.535e-03
-1.119e-02
-1.285e-02
-1.451e-02
-1.617e-02

Figure 23: Stresses (MPa)

S +5.845e-05
+5.358e-05
+4.871e-05
+4.384e-05
+3.897e-05
+3.410e-05
+2.923e-05
+2.436e-05
+1.948e-05
+1.461e-05
+9.742e-06
+4.871e-06
+0.000e+00

Figure 24: Displacements (mm)

The same criteria set for in-plane seismic load. The model had almost the same volume re-
duction and behavior with self-weight loading, but the volume reduction happened somewhere
else in the models volume.

Figure 25: Model after optimization
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+4.47 5e-03
+4.049e-03
+3.624e-03
+3.198e-03
+2.772e-03
+2.347e-03
+1.921e-03
+1.496e-03
+1.070e-03
+6.448e-04
+2.192e-04
-2.063e-04

-6.318e-04

Figure 26: Stresses (MPa)

+7.760e-06
+2.231e-06
-3.299e-06
-8.828e-006
-1.436e-05
-1.989e-05
-2.542e-05
-3.095e-05
-3.648e-05
-4.201e-05
-4.754e-05
-5.306e-05
-5.859e-05

Figure 27: Displacements (mm)

Also out of plane has the same volume reduction. In the following figures the stresses, the
deformation as well as the area of the material removed of the optimized construction is shown.
The stress in MPa and the displacements in millimeters.

Figure 28: Model after optimization
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+3.859e-03
+2.211e-03
+5.620e-04
-1.087e-03
-2.735e-03
-4.384e-03
-6.032e-03
-7.681e-03
-9.330e-03
-1.098e-02
-1.263e-02
-1.428e-02
-1.592e-02

y,

Figure 29: Stresses (MPa)

+6.024e-06
-1.306e-06
-8.636e-06
-1.597e-05
-2.330e-05
-3.063e-05
-3.796e-05
-4.529e-05
-5.262e-05
-5.995e-05
-6.728e-05
-7.461e-05
-8.194e-05

Figure 30: Displacements (mm)

Moving on to the second construction where the reduction of volume was set to 50 percent
as well as the stress to not exceed 0 MPa and to be more than -40 MPa. In the end a reduction
of volume to the magnitude of 51 percent of the initial volume was achieved and stress was to
the scale of 0.09 MPa. Following are the figures of stress and deformation as well as the reduc-
tion of volume for the second construction.

Figure 31: Model after optimization
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nre

+4.381e-03 +1.557e-05
+2.798e-03 +7.005e-06
+1.214e-03 -1.557e-06
-3.690e-04 -1.012e-05
-1.952e-03 -1.868e-05
-3.536e-03 -2.724e-05
-5.119e-03 -3.581e-05
-6.703e-03 -4.437e-05
-8.286e-03 -5.293e-05
-9.869e-03 -6.149e-05
-1.145e-02 -7.005e-05
-1.304e-02 -7.862e-05
-1.462e-02 -8.718e-05
Figure 32: Stresses (MPa) Figure 33: Displacements (mm)

A reduction of 48 percent of the original volume is achieved and stress of 0.17 MPa in in-
plane loading. The stress, deformation and volume of the optimized model is shown below.
Stress is in MPa and displacement in mm.

Figure 34: Model after optimization

731



Alexandros G. Chortis, Lazaros N. Melidis, Konstantinos V. Katakalos, and Amaryllis G. lliadi-Manou

+4.089e-03 +2.682e-05
+2.428e-03 +1.63%e-05
+7.660e-04 +5.957e-06
-8.957e-04 -4.472e-06
-2.557e-03 -1.490e-05
-4.219e-03 -2.533e-05
-5.881e-03 -3.576e-05
-7.543e-03 -4.619e-05
-9.204e-03 -5.662e-05
-1.087e-02 -6.705e-05
-1.253e-02 -7.748e-05
-1.419%e-02 -8.790e-05
-1.585e-02 -9.833e-05
Figure 35: Stresses (MPa) Figure 36: Displacements (mm)

In the case of an out of plane seismic activity the reduction of volume of the optimized model
is 48.8 percent of the original and stresses are 0.22 MPa. The stress, deformation and volume
of the optimized model is shown in the following figures. Stress is in MPa and displacement in
mm.

Figure 37: Model after optimization
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+2.902e-05
+1.748e-05
+5.930e-06
-5.616e-06
-1.716e-05
-2.871e-05
-4.026e-05
-5.180e-05
-6.335e-05
-7.490e-05
-8.644e-05
-9.799%e-05
-1.095e-04

Figure 38: Stresses (MPa) Figure 39: Displacements (mm)

In the third model for self weight loads the stress constraint is the same as in the second case,
namely from 0 to -40 MPa the reduction of volume is 40 percent to the initial volume. Thus,
the reduction of the volume to 64.8 percent was achieved, i.e., the construction now has a vol-
ume of 35.2 percent of the original. Stresses remain the same.

Figure 40: Model after optimization
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+3.937e-02 +6.005e-02
-1.198e-04 +4.306e-02
-3.960e-02 +2.606e-02
-7.909e-02 +9.058e-03
-1.186e-01 -7.941e-03
-1.581e-01 -2.494e-02
-1.975e-01 -4.194e-02
-2.370e-01 -5.894e-02
-2.765e-01 -7.594e-02
-3.160e-01 -9.294e-02
-3.555e-01 -1.099e-01
-3.950e-01 -1.269e-01
-4.345e-01 -1.439%-01
Figure 41: Stresses (MPa) Figure 42: Displacements (mm)

For an in-plane seismic action the reduction of volume is set to 40 of the original percent
and stresses from 0 to -40 MPa . A reduction of the original volume was achieved with stress
at 2.5 MPa. Volume cannot be further reduced as the interface becomes to small and slips.

Figure 43: Model after optimization
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+1.038e+00 +3.002e-01
+7.753e-01 +2.254e-01
+5.124e-01 +1.507e-01
+2.495e-01 +7.591e-02
-1.333e-02 +1.156e-03
-2.762e-01 -7.360e-02
-5.391e-01 -1.484e-01
-8.020e-01 -2.231e-01
-1.065e+00 -2.979e-01
-1.328e+00 -3.726e-01
-1.591e+00 -4.474a-01
-1.853e+00 -5.221e-01
-2.116e+00 -5.969e-01
Figure 44: Stresses (MPa) Figure 45: Displacements (mm)

The optimization of the third construction for an out of plane seismic action is important.
When the construction was analyzed without a reduction of volume the stresses were larger.
With a reduction of volume of the construction and therefore the mass the inertial moments on
the construction are smaller. A reduction of 64.9 percent of the original was achieves and stress
is at 0.7 MPa. The stress, deformation and volume of the optimized construction is. Stress is in
MPa and displacement in mm.

Figure 46: Model after optimization

735



Alexandros G. Chortis, Lazaros N. Melidis, Konstantinos V. Katakalos, and Amaryllis G. Iliadi-Manou

+6.049e-02 +2.663e-01
3.880e-03 +2.28%9-01
6.825e-02 +1.916e-01
1.326e-01 +1.543e-01
1.970e-01 +1.169e-01
2.614e-01 +7.95%e-02
3.257e-01 + +4.226e-02
3.901e-01 +4.927e-03
4.545e-01 -3.241e-02
5.188e-01 -6.974a-02
5.832e-01 -1.071e-01
6.476e-01 -1.444e-01
-7.120e-01 -1.817e-01
Figure 47: Stresses (MPa) Figure 48: Displacements (mm)

4 DISCUSSION

It is observed that a key role for the static adequacy of arched constructions is played be-
tween the friction between the voissoirs their strength as well as the load carrier geometry to be
in such a way as mainly compressive stress appears on the interfaces. The interface area that
has compressive stresses named active area. In all three cases there are no static inadequacies
for gravitational forces.

When only gravitational forces are applied, we have a larger active surface as the distribution
of compressive stress in the interfaces of the individual pieces possesses the entire surface area.
From the definition of stress, it is understood that the larger the area the force is exerted the
smaller the stress, therefore the stresses do not exceed the maximum design stress of the mate-
rial, and in that way, there is no stress concentration created. Therefore, there is no form of
failure that can lead to collapse. The shear stresses between the voussoirs of the first and third
structures do not exceed anywhere the critical stress, so there are no large slips observed. In the
second structure, a large amount of slip was observed between the voussoirs therefore the max-
imum shear friction stresses were exceeded between them a connecting mortar was used for
initial consistency.

In the case of seismic activity two out of the three constructions do not fail. It is important
to mention at this point that there must be approximately equal surfaces between the voussoirs
so that there are no sensitive areas created, that are dangerous for the concentration of stresses
where the material strength can be overcome or in a possible earthquake the pieces can slip as
happens in the second construction.

In the third structure, large slips are observed between the voussoirs when the earthquake
hits out of the plane and therefore the spectral acceleration is reduced. In a seismic activity
stresses between the individual pieces must be thoroughly checked as itis very likely for stress
concentrations to appear at some points of the pieces of the structures near the interfaces. In all
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three constructions the given loads do not exceed at any point the maximum allowable stress.
However in all structures it is observed that the active surface between the pieces is significantly
reduced.

From the three constructions that were analyzed above we conclude that we have several
advantages. The most important is the reduction in volume and thus the reduction of the mate-
rial and the cost reduction of the construction and the stresses. This is observed mainly in the
optimizations for gravitational loads.

An other important characteristic which is observed mainly by the topology optimization in
seismic loads is that by reducing the volume of the constructions its mass is also reduced and
so the best seismic performance is achieved. A characteristic example is the third construction
where the stresses are drastically reduced in the optimized construction compared to the un-
optimized one, something that is seen to a lesser extent in the first construction.

As it is observed it is crucial to check the seismic behavior as a change in the distribution of
interface stresses is observed leading to a reduction of the active surface between the voussoirs.
The material that is removed is removed in such away so that we have the optimal behavior in
the interfacesi.e., either the optimal stress distribution or the optimal displacement as far as slip
is concerned. Consequently, even though we have the same percentage of removed volume on
the same construction it is removed from different areas for different loads.

S  CONCLUSIONS

The use of arched structures was mainly used in the past, but it is a construction method that
can help in the constructions of the future. Arched structures can help in the construction of
buildings or parts of buildings that will be printed in three-dimensional pieces. These pieces
will be optimized to achieve the reduction of their volume and then will be assembled in the
construction site. With this way of construction, the construction will be simplified, and the
process will be automated, since the physical presence of man will not be needed anywhere.
Finally, the volume of all three constructions is drastically reduced, resulting in reduced envi-
ronmental footprint and lower construction costs due to fewer materials and due to the reduction
of working hours owing to the simplification of construction. The next Figure shows a staircase
which has been designed with the method that all three constructions of this dissertation have
been designed to give as an example of a construction whose design is the same as those of
these arched structures.

Figure 49: Staircase.
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